The antimicrobial activity of hemoglobin fragments (hemocidins) has been reported in a variety of models. The cattle tick Rhipicephalus (Boophilus) microplus is a blood sucking arthropod from where the first in vivo-generated hemocidin was characterized . In the present work we identified a novel antimicrobial peptide from the midgut of fully engorged R. (B.) microplus females, which comprises the amino acids 98-114 of the alpha subunit of bovine hemoglobin, and was designated Hb 98-114. This peptide was active against several yeast and filamentous fungi, although no activity was detected against bacteria up to 50 M of the synthetic peptide. Hb 98-114 was capable of permeabilizing Candida albicans cell membrane and had a fungicidal effect against this yeast. Circular dichroism (CD) and nuclear magnetic resonance (NMR) experiments showed that Hb 98-114 has a random conformation in aqueous solution but switches to an alpha-helical conformation in the presence of sodium dodecyl sulfate (SDS). This alpha helix adopts an amphipathic structure which may be the mechanism of cell membrane permeabilization. Importantly, Hb 98-114 may play an important role in defending the tick midgut against fungal pathogens and is the first hemocidin with specific antifungal activity to be characterized.
Introduction
The cattle tick Rhipicephalus (Boophilus) microplus is one of the most important ectoparasites of veterinary importance. This species is prevalent in tropical and subtropical regions across the globe and has a tremendous economic impact on the cattle industry due to the implications of bovine anaplasmosis and babesiosis, as well as anemia, damage to hide, reduction of herd weight gain and milk production [13, 14, 17] .
As a hematophagous arthropod, the cattle tick uses hemoglobin, acquired during a blood meal as the main source of nutrients for molting and egg development. Hemoglobin is the iron-containing oxygen-transport protein formed by two alpha and two beta subunits, found in the red blood cells of all vertebrates. Besides its role as oxygen carrier peptides derived from the hydrolysis of this protein possess diverse biological roles such as opioid, hormonal and antimicrobial activities [12, 15, 24, 30] . The antimicrobial properties of hemoglobin are not a novelty, with the first reports dating back the membrane of Escherichia coli in acidic conditions [23] . Also, several peptides derived from the C-terminus of bovine hemoglobin alpha subunit were shown to disrupt artificial bacterial membranes [5] . Importantly, the formation of organized secondary structures in the amidated form of Hb 33-61 and its analogs was induced upon contact with negatively charged sodium dodecyl sulfate (SDS) micelles [22, 36] . Their proposed mode of action is the formation of pores or even a detergent-like activity, removing lipids and proteins from the microbial membrane, which may further cause a general membrane instability and loss of cytoplasm content from the microorganism, leading to cell death.
Herein we identify a novel antimicrobial peptide derived from the alpha subunit of bovine hemoglobin, corresponding to amino acids 98-114. This peptide was isolated from the midgut of fully engorged females of R. (B.) microplus and exhibited high specificity toward yeasts and filamentous fungi. Moreover, this peptide was shown to be organized in an alpha helical conformation when in contact with SDS micelles and was able to disrupt C. albicans cells, suggesting that its mode of action is through membrane permeabilization.
Materials and methods

Ticks
R. (B.) microplus female ticks from the Porto Alegre strain were reared on calves (Babesia spp. free) and maintained at the Center of Biotechnology, Federal University of Rio Grande do Sul, Porto Alegre, Brazil. Host-detached fully engorged females were collected and maintained at 28 • C and 80% relative humidity in a BOD incubator (Fanem, Brazil). The rearing of ticks followed institutional guidelines and was approved by the Ethics Committee of the Federal University of Rio Grande do Sul.
Antimicrobial assays
The following strains were used: Candida parapsilosis IOC 4564, Candida tropicalis IOC 4560 (both kindly provided by Dr. Pedro Ismael da Silva Junior, from Butantan Institute, Brazil), C. albicans MDM8 [8] , Cryptococcus neoformans H99 [8] , Saccharomyces cerevisiae ATCC 2601, Aspergillus niger A296 [37] , Aspergillus flavus [37] , Aspergillus fumigatus NCPF 2109 [37] , Bacillus megaterium ATCC 10778, M. luteus [8] , Staphylococcus aureus ATCC 6538, Staphyloccocus epidermidis ATCC 12228, Enterobacter cloacae K12 [8] , E. coli SBS 363 [8] , Pseudomonas aeruginosa ATCC 14502 and Serratia marcescens CDC 2124.
For the detection of antimicrobial activity, RP-HPLC fractions were concentrated in a Speed-Vac centrifuge (Savant) and reconstituted in ultrapure water. Antimicrobial assays were performed using a liquid growth inhibition assay as described elsewhere with 10 4 cells [8] . Peptone broth (PB, 0.5% NaCl, 1% peptone, pH 7.4) and potato dextrose broth (PDB, pH 5.1, Sigma) were used for antibacterial and antifungal assays, respectively. Briefly, bacteria or fungi were incubated with the chromatographic fractions or with the pure peptide in a 96-well micro-plate at 30 • C for 18 h. Microbial growth was assessed by measurement of the absorbance at 595 nm. The minimum inhibitory concentration (MIC) was defined as the minimal concentration that prevented any microbial growth.
Membrane permeability assay
C. albicans MDM8 cells were treated with the Live/Dead ® BacLight Bacterial Viability Stain (L-7007, Invitrogen) as described previously [22] . Briefly, a mid-logarithmic phase yeast culture (10 7 cells/mL) was incubated in PDB medium for 3 h at 30 • C (negative control), in the presence of 70% ispropanol (positive control) or with 250 M of the synthetic peptide Hb 98-114 which is 2 times the MIC when 10 7 cells are incubated with the peptide (data not shown). Subsequently, yeast cells were stained with the fluorescent reagents following the manufacturer's instructions.
This viability kit utilizes a mixture of the green-fluorescent stain SYTO ® 9 with the red-fluorescent nucleic acid stain propidium iodide (PI). These stains differ not only in their spectral characteristics, but also in their ability to penetrate cells, so that SYTO ® 9 stains the DNA of all cells irrespective of their membrane integrity, whereas PI penetrates only cells with damaged membranes. In addition, PI is able to quench the fluorescence of SYTO ® 9. As a result, after staining with a mixture of these two fluorescent dyes, intact cells will appear green, whereas cells with damaged membranes will stain red.
Yeast cells were visualized using a Nikon Eclipse E800 fluorescence microscope equipped with a Nikon Coolpix 4500 digital imager. Three independent experiments were performed.
Fungicidal assay
A mid-logarithmic phase C. albicans culture (10 7 cells/mL) was incubated in PDB medium for 3 h at 30 • C in the presence of 250 M of the synthetic peptide Hb 98-114 (2 times its MIC), plated on PDB agar, and colony-forming units were counted after 18-h incubation at 30 • C.
Peptide purification and characterization
Female ticks collected 2-7 days after host detachment were cooled on ice and immersed in 70% ethanol prior to dissection in cold phosphate buffered saline (PBS, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.2). Midguts were transferred to centrifuge tubes containing ice-cold sodium acetate buffer (100 mM C 2 H 3 NaO 3 , pH 4.5) with the protease inhibitors: 10 M pepstatin, 10 M E-64 and 50 M EDTA. Fifty midguts were homogenized in a Potter tissue homogenizer and sonicated for 3 cycles of 30 s each in a Vibracell sonicator (Sonics & Materials, Inc., USA) for complete disruption of cells and tissues. The homogenate was centrifuged for 10 min at 5000 × g and the supernatant was collected for peptide purification.
The first purification step was performed in a 10 kDa cut-off Amicon Ultra-4 centrifugal filter (Millipore, USA). The filtered sample was vacuum-dried and reconstituted in ultra-pure water.
The second purification step was performed in a high performance liquid chromatography system (HPLC, LC-10 Shimadzu, USA) equipped with a C 18 reverse-phase semi-preparative column (5 m, 4.6 mm × 250 mm, Vydac). Peptides were eluted with a linear gradient from 2% to 60% acetonitrile (ACN) in 0.046% trifluoroacetic acid (TA) over 120 min, at a flow rate of 1.5 mL/min. Peptide absorbance was monitored at 225 nm and eluted fractions were manually collected.
The third purification step was performed by RP-HPLC under the same conditions described above, but using a C 18 reverse phase analytical column (5 m, 1.0 mm × 150 mm, Vydac) with a linear gradient from 35% to 45% ACN in 0.046% TA over 60 min at a flow rate of 1.0 mL/min.
The isoelectric point and hydrophobic amino acid content of Hb 98-114 was calculated using the ProtParam tool, available at the ExPASy Proteomic Server (http://expasy.org/). Secondary structure prediction was performed on the NPSA server (http://npsapbil.ibcp.fr/) using the consensus secondary structure prediction algorithm.
Mass spectrometry
Prior to mass spectrometry analyses, samples were desalted using C 18 reverse phase tips (ZipTip, Millipore), concentrated in a SpeedVac centrifuge (Savant) and reconstituted in 5% ACN/0.2% formic acid (FA).
Molecular masses were determined by electro-spray ionization mass spectrometry (MS), using a LCQ TM Duo mass spectrometer (Thermo Scientific, USA) at a mass to charge (m/z) range from 300 to 2000 in positive mode. Equipment calibration was performed as described previously [38] .
Following protein digestion with sequencing grade trypsin (Sigma, USA), samples were desalted, loaded onto a fused silica capillary column (0.1 mm × 150 mm, Polymicro Technologies, USA) in-house packed with Vydac C 18 matrix (10-15 m, 300Å) coupled to a nano-HPLC system (Ultimate model, Dionex, USA). Peptides were eluted with a linear gradient from 5% to 60% ACN in 0.2% FA over 60 min. Spectral data were correlated with protein sequence databases using Bioworks Browser version 3.3 (Thermo Scientific, USA). Peptide sequences were validated by considering a DC n ≥ 0.05 and X corr ≥ 1.5, 2.0 and 2.5 for singly-, doubly-and triply-charged peptides, respectively.
Peptide synthesis and structural characterization
The peptide Hb 98-114 was chemically synthesized with free amino and carboxyl terminal group and purified as previously described [22] . It was structurally characterized by circular dichroism and NMR spectroscopy in phosphate buffer solutions without and with SDS micelles as membrane mimetic.
Circular dichroism (CD)
CD measurements were made using a Jasco-715 spectropolarimeter. Fifty M Hb 98-114 was prepared in 20 mM phosphate buffer and the pH was adjusted to 3, 5, 7 or 9, after which CD spectra were obtained over a range of 195-260 nm using a quartz cell of 1.0 mm path length at 25 • C. For each analysis, eight scans were accumulated and averaged. All CD spectra were corrected by subtraction of the background. The CD spectra were reported as raw ellipticity ([Â]) in mdegrees.
Additionally, CD spectra were acquired in the presence of SDS micelles (25 mM SDS) added to the phosphate buffer at the different pHs described above.
At pH 5, we also acquired spectra in the presence of 25 mM n-dodecyl phosphocholine (DPC) or adding increasing amounts of trifluoroethanol (TFE) from 10 to 50% (v/v).
Nuclear magnetic resonance (NMR) spectroscopy
NMR experiments [16, 35] for 1 H, chemical-shift assignments and structure determination were acquired at 298 K on 500 M Hb 98-114 dissolved in 5 mM phosphate buffer, 25 mM NaCl at pH 5.6 using 10% D 2 O for the deuterium lock signal in the presence or absence of 100 mM SDS-d25 (98% deuterium, Cambridge Isotopes Inc.). 2D-NOESY (100 ms and 150 ms mixing time) and TOCSY (35 and 70 ms spin-lock) spectra were acquired. Spectra were acquired in a Bruker Avance III 800 spectrometer. Data were processed using the software Topspin-(v.2.0) (Bruker BioSpin GmbH, Germany). Assignment was carried out using the interactive program SPARKY (v.3.106) (T.D. Goddard and D.G. Kneller, University of California, San Francisco).
NOE assignment and structure calculation
Assignment of NOESY spectra and structure calculation was made iteratively using the program ARIA 1.2 [21, 29] with CNS 1.1 [4] . Initially, the chemical shift index (CSI) was calculated [41] from the H␣ chemical shifts assigned. Structure calculations were performed by ARIA and CNS automatically based on distance restraints derived from homo-nuclear NOESY spectra and from phi and psidihedral angles as well as ambiguous hydrogen bonds restraints, characteristic of secondary structure generated by analysis of the chemical shift index. Conversion of CSI output in dihedral restraints was done as implemented in ARIA: −65 and −35 with error estimates of 30 • were set respectively as phi and psi dihedral restraints for residues found to be in helical regions from their characteristic H␣ chemical shifts [34] . In the last ARIA iteration 200 structures were calculated by restrained simulated annealing and the 20 best structures regarding total energy were refined in an explicit waterbox and considered as characteristic of the ensemble.
Results
Purification of Hb 98-114
Midgut homogenates were pre-purified in a 10-kDa filter and the resulting filtrate was submitted to RP-HPLC in a semipreparative C 18 column. Chromatographic fractions were manually collected and tested against C. albicans in a liquid antimicrobial assay. Antimicrobial activity was detected in three fractions that eluted with 32%, 42% and 46% ACN, which were designated I, II and III, respectively (Fig. 1A) , and were further analyzed by ES-MS. Fraction I revealed to be a mixture of peptides with 1532, 1876 and 2297 Da, whereas fractions II and III contained proteins with molecular masses corresponding to bovine hemoglobin alpha and beta subunits, respectively. The identity of these hemoglobin chains was later confirmed by LC-MS/MS (data not shown).
The peptides present in fraction I were further purified in a second RP-HPLC step in an analytical C 18 column. Antimicrobial activity was detected in several fractions, which eluted from 31% to 36% of ACN (Fig. 1B) , and these fractions were submitted to ES-MS analysis. A single peptide was detected, eluting at 32% ACN (Fig. 1B, arrow) with a molecular mass of 1876 Da (Fig. 1B, insert) . This peptide was present in all fractions with antimicrobial activity and therefore was considered to be the source of this activity. After sequencing by LC-MS/MS, the 1876-Da peptide showed 100% identity with the amino acids 98-114 from the alpha subunit of bovine hemoglobin (Table 1 ). This 17-amino acid peptide has a theoretical isoelectric point (pI) of 8.8 and is predominantly composed of hydrophobic amino acids (59%).
Antimicrobial activity of Hb 98-114
We observed that the synthetic peptide Hb 98-114 exhibited a potent and specific antifungal activity, inhibiting the growth of several strains of yeast and filamentous fungi. The MIC of Hb 98-114 using 10 4 cells/mL varied from 2.1 M to 12.5 M, except for A. flavus, with a MIC of 50 M. No growth inhibition of any of the bacterial strains tested was detected up to 50 M (Table 2) .
A mid-logarithmic phase C. albicans culture (10 7 cells/mL) was incubated with 250 M (2× MIC) of the synthetic peptide for 3 h, and complete membrane permeabilization was observed as assayed with the Live/Dead ® Kit (Fig. 2) . After plating this culture suspension and incubating for 18 h, no colony-forming units were observed (data not shown), which suggests that the peptide has a fungicidal effect. 
Structural characterization 3.3.1. CD spectroscopy of Hb 98-114
CD spectra of Hb 98-114 in phosphate buffer pH 5 in the presence of SDS micelles presented a positive peak at 195 nm and negative peaks at 208 and 222 nm (Fig. 3A) typical of proteins in helical conformation. Similar CD spectra was obtained DPC 25 mM or with addition of 25% (v/v) TFE, suggesting similar helical content. Higher amount of TFE (50%, v/v) further stabilizes the helical conformation. In the presence of SDS, only small changes were observed in other pHs studied, namely pH 3, 7 and 9 (data not shown). On the other hand, in the absence of SDS micelles, Hb 98-114 was unstructured as revealed by its characteristic random coil CD spectrum in acidic or neutral buffer (Fig. 3A) . At pH 9, precipitation occurred".
NMR spectroscopy of Hb 98-114
1 H NMR spectra obtained for the Hb 98-114 in the presence and absence of SDS micelles are shown in Fig. 3B . In the absence of micelles the 1 H NMR spectrum is characterized by a low dispersion of chemical shifts and the resulting overlap of signals, which is typical of unstructured peptides. The addition of SDS changed the 1 H NMR spectrum, increasing the dispersion of chemical shifts that can be seen in the H␣ and aliphatic side-chains region of the spectrum (range between 0.6 and 5 ppm) but especially several amide hydrogens (range 8.3-7.9 in the absence of SDS) were spread out over the Almost complete assignment of hydrogen chemical shifts was achieved in SDS by the acquisition and analysis of homonuclear NMR spectra TOCSY and NOESY.
NMR structure of Hb 98-114
The ensemble consisting of the 20 lowest-energy structures calculated for Hb 98-114 is shown in Fig. 4A and a ribbon representation of the lowest-energy structure is shown in Fig. 4B . This ensemble has a mean backbone root-mean-square-deviation (rmsd) to the average structure of 0.46Å for the well-structured region (residues 101-112). Hb 98-114's helical structure is well defined by an average of 5.8 sequential or medium-range NOE distance restraints per residue. From these sequential and mediumrange NOEs several are typical of a helical structure such as amide-amide (HN, HN i, i + 1 and HN, HN i, i + 2) , H␣-amide (H␣, HN i, i + 3), (H␣,N i, i + 4) and (H␣, H␣ i, i + 3), as seen in Fig. 5 . Almost no long-range restraints were assigned. Detailed structure statistics are shown in Table 3 .
The peptide structure was calculated based on distance restraints derived automatically from homonuclear NOESY spectra and from ambiguous hydrogen bonds restraints and phi and psi dihedral restraints derived from the chemical shift index analysis of the alpha hydrogens of Hb 98-114. Fig. 6A shows the resulting analysis of H␣ chemical shifts. Hb 98-114's H␣ chemical shifts in SDS micelles are shifted up to 0.8 ppm upfield as compared to typical random coil values. These shifts are compatible with a helical structure. Therefore, Hb 98-114 consists of an ␣-helix, comprising residues L101 to H112. For residues 98-100 and 113-114, a smaller number of NOEs were assigned (Fig. 6B) and consequently a smaller convergence, as expressed by the local backbone rmsd (Fig. 6C) , was observed. The poorer convergence for these terminal residues can also be noticed in the ensemble of the 20 lowest-energy structures in Fig. 4A . In the helical region, most of the hydrophobic residues (L105, L106, V107, L109, A110, L113, P114) are in one side of the helix whereas most hydrophilic residues (S104, T108, S111, H112) are in the opposite side, resulting in the formation of an amphipathic segment. 
Discussion
During feeding, ticks may ingest several pathogens from the vertebrate host blood and become efficient vectors of a variety of disease-causing organisms, such as Anaplasma marginale [18] and Babesia spp. [2] . Therefore the midgut constitutes the primary interface of pathogens with their vector hosts, which suggests that this organ needs to have efficient innate defense mechanisms in order to control invading pathogens as well as its flora. Midgut immune responses to parasite invasion have been well characterized in hematophagous insect vectors, such as mosquitoes [1] , but at present little information is available for ticks [19, 39] .
In the tick midgut, defensins and other antimicrobial agents such as lysozyme and longicin, along with protease inhibitors and molecules involved in redox homeostasis, seem to play an important role in protecting the tick against microbial challenge [19, 39] . Moreover, there is evidence that the tick midgut may contain antimicrobial hemoglobin fragments generated by endogenous proteolytic activity [8, 11, 27, 40] . At least two midgut acidic proteases (the cathepsin L-like cysteine proteinase BmCL1 [32, 33] and the aspartic proteinase BmAP) have shown the capability of generating several antimicrobial fragments through hemoglobin hydrolysis in vitro [6] . Notably, using a synthetic combinatorial peptide library, BmCL1 preferred substrates containing non-polar residues such as valine and leucine at the P2 subsite position [6] , which gives support for the generation of the cleavage sites VN-FK and LP-SD at the amino-and carboxy-regions of Hb 98-114, respectively, but future in vitro studies may be needed to confirm BmCL1's specificity. This data led us to hypothesize that, besides the hemocidin Hb 33-61 [8] , the newly identified peptide Hb 98-114 may be endogenously generated through the catalytic activity of acidic gut endoproteinases and may constitute an important antimicrobial agent for midgut defense.
The mode of action of most hemocidins is still debatable, but seems to involve the disruption of the microorganism plasma membrane. This is corroborated by the structure elucidation of Hb 33-61a [36] as well as one of its truncated analogs by 1 H NMR in micelles of SDS [22] , indicating that these hemocidins possess an amino-terminal region that anchors and stabilizes them into the SDS micelle, whereas a carboxy-terminal alpha helical region may be responsible for membrane permeabilization. Additionally, it has been shown that other hemocidins generated through proteolytic digestion in vitro contain a high ␣-helical content [28] and may possess a similar mode of action as Hb 33-61a.
The hemocidin Hb 98-114 is unstructured in aqueous solution in the absence of micelles, as revealed by its characteristic CD and 1 H NMR spectra. In fact, several antimicrobial peptides are unstructured in solution, but become helical in the presence of membranes. To test this hypothesis we measured the spectra also in the presence of SDS micelles as a membrane model. Indeed, in the presence of SDS micelles, Hb 98-114 became structured, as its 1 H NMR and CD spectra showed characteristic features of helical content as a shift of amidic and alpha-protons upfield in the 1 H NMR spectrum (Figs. 3B and 6A) and two negative peaks at 208 and 222 nm in the CD spectrum (Fig. 3A) . In the CD spectra in the presence of SDS, the peak at 208 nm is more intense than the peak at 222 nm. This suggests that the peptide should be in a dynamic equilibrium between a population of random coil molecules in water and a population of helical molecules in SDS. Moreover, the chemical shift index calculated for each alpha-hydrogen showed higher deviations from the random values for the residues present in the middle of the primary sequence (e.g. ı = −0.75 ppm for V107) and smaller deviations for residues in the N-and C-termini (e.g. ı = −0.19 and −0.16 ppm for L101 an H112 respectively), as observed in Fig. 6A . This profile of chemical shift index reflects the higher stability of the helix in the central residues, while in peripheral residues the structure could fluctuate more between a helical and random coil conformation.
Antimicrobial peptides that are pore-forming are often amphipathic helices [3] . In the NMR structure of Hb 98-114 shown in Fig. 5 we can notice that the helix is amphipathic in the segment from S104 to P114, and this pattern is broken in the N-terminus from residues F98 to H103. This structural feature could explain the membrane destabilizing capability of Hb 98-114.
Here we presented evidence that Hb 98-114 has a fungicidal effect on C. albicans probably through permeabilization of fungal cell membranes, similarly to the mode of action of Hb 33-61a and its truncated analogs [22, 36] . More importantly, considering this potent fungicidal activity for Hb 98-114, this hemocidin may play an important role in defending the midgut of the tick from fungal infections.
Conclusions
An 1876 Da antimicrobial peptide with specific activity against fungi was isolated from gut homogenates of R. (B.) microplus females. This peptide was identified as being originated from the amino acids 98 to 114 of the bovine hemoglobin alpha subunit and was therefore named Hb 98-114. The synthetic peptide was capable of permeabilizing C. albicans cell membrane and to be fungicidal. Although Hb 98-114 exhibited random structures in aqueous solution, an ␣-helical structure in the presence of SDS micelles was detected both by CD and NMR spectroscopy, which is in agreement with what has been described for other hemoglobin-derived antimicrobial peptides. Thus, Hb 98-114 may play an important role in protecting the tick midgut from fungal pathogens acquired during feeding.
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